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Abstract 

We show that the constant curvature two-dimensional theory of Teitel- 
boim and Jackiw admits a black hole solution, which is free of space- 
time singularities. The maximally extended spacetime consists of an 
infinite chain of universes connected by timelike wormholes. 
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Gravitation in two and three dimensions has shown that the existence of 
black holes is not limited to the four-dimensional world. Thus, it has sur- 
prisingly been found that three-dimensional General Relativity with a con- 
stant negative curvature admits black hole solutions with mass and angular 
momentum [1]. On the other hand, Perry and Teo [2] have shown that the 
two-dimensional (2D) string black hole, which appears as an exact solution of 
the Wess-Zumino-Witten theory, is free of spacetime singularities. This also 
surprising result is in contrast with the corresponding approximated black 
hole solution found by imposing the vanishing of the j3 functions in pertur- 
bation theory [3]. In this well as in General Relativity, the black 
hole is followed by a singularity. The purpose of this communication is to 
report that the two-dimensional constant curvature theory of Teitelboim and 
Jackiw [4] have analogous properties. First, it admits a black hole solution, 
and secondly, the black hole is free of spacetime singularities. This theory is 
constructed from the action, 

S = hi rf W^(> + 4A 2 ), (1) 

where R is the scalar curvature, $ is a scalar field and A is a constant. 
Variation of this action with respect to g a b and $ yields the gravitational 
and dilaton field equations, respectively, 

V a V fe $ - <uV c V c $ + 2A 2 <? a6 $ = 0, (2) 
J R + 4A 2 = 0, (3) 

where V represents the covariant derivative. In order to find the black hole 
solution we write the metric in the unitary gauge 

ds 2 = -e 2u dt 2 + dx 2 . (4) 

We now assume that v = v(x). Then, a solution of equations (Q) and (^) is 
given by 

$ = $ cosh (ax) , (5) 
ds 2 = — sinh 2 (ax) dt 2 + dx 2 , (6) 

where — oo < x < +oo and a = y/2X 2 . Metric (|) has a coordinate singularity 
at x — 0, which as we will show corresponds to a horizon. In order to elucidate 
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the metric, we transform to the Schwarzschild gauge by doing ar = cosh (ax), 
thus obtaining 



ar, (7) 

- ( oV " * 2 + ^zj- 00 

Note that the line — oo < x < +oo corresponds to the segment 1 < r < +oo; 
each pair of space inverted points (—x, x), degenerates into just one r. There 
is a horizon at ar = 1, i.e. x = 0. This means that observers at each end of 
the line, x — > ±oo, can only communicate if they enter into x = 0. In order 
to show that x = is a horizon and that solution ©-(§) indeed represents 
a black hole, we perform the maximal analitical extension. The connection 
to Kruskal coordinates is, U = ~ e ' at \f^^i V — z at \j fjqrf- Now, spacetime 
is not singular since the scalar curvature is a constant. In figure 1 we draw 
the Penrose diagram. Region I contains infinity, ar = +oo (UV = — 1), 
represented by a timelike line. The horizons are at ar = 1 (UV = 0). 
At ar = (UV = 1), in region II, there is nothing special happening, no 
singularity, no horizon, no infinity. Thus one can continue the solution to 
negative r values (using another coordinate system, U = U^ 1 and V = V^ 1 ), 
past a new horizon at ar = —1 (UV = 0), reemerge in region III (degenerated 
in the same sense as region I) which contains the timelike infinity ar = — oo 
(UV = —1), and so on. One therefore has an infinite chain of universes 
connected by timelike wormholes. 

We note that equations (0)-© in the unitary gauge admit also the anti- 
de Sitter solution, 

$ = $ sinh (ax) , (9) 
ds 2 = — cosh 2 (ax) dt 2 + dx 2 , (10) 

where — oo < x < +oo. Going to the Schwarzschild gauge, the metric is 

dfl a = _( a 2 r 2 + 1 ) cft a + _^_ (ii) 

V / a ^ r z _|_ l 

and $ is given as in (|7|). Since both solutions (§) and (|IID are of constant 
curvature and admit asymptotically (ar — > oo) the same isometry group 



ds 2 = 
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50(2, 1), their properties can only be distinguished globally. Indeed, regions 
I, II and III of figure 1 can be obtained by cutting pieces of the anti-de Sitter 
spacetime and identifying points properly in a process similar to that given 
in ref. [1]. It is worth to emphasize that the unitary gauge gives at once the 
black hole solution, since the identifications are automatically performed. 

An important quantity is the ADM total mass M. For the black hole given 
in equations (|5])-(f|) one nas 

M = ^f, (12) 
A more general action is provided by the expression 

S=^J rf 2 x^$ (r - + 2A 2 ) , (13) 

with a parameter u (usually one puts $ = e" 2 ^ in eq. (|T3|). For u = one 
gets the Teitelboim-Jackiw theory [4], for ui — — | one has planar General 
Relativity [5], for u = —1 one has the first order string theory [3], and for 
uj = ±oo one gets the 2D analogue of General Relativity [6]. The black hole 
solutions of this general theory have been studied in ref. [7]. 
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Figure Captions 

Figure 1: Penrose diagram for the maximally extended black hole of the 
Teitelboim-Jackiw theory. There is an infinite chain of regions none of them 
contains a singularity. 



6 



